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Objectives: Ossicular discontinuity may be complete, with no contact 
between the disconnected ends, or partial, where normal contact at 
an ossicular joint or along a continuous bony segment of an ossicle is 
replaced by soft tissue or simply by contact of opposing bones. Complete 
ossicular discontinuity typically results in an audiometric pattern of a 
large, flat conductive hearing loss. In contrast, in cases where otomi-
croscopy reveals a normal external ear canal and tympanic membrane, 
high-frequency conductive hearing loss has been proposed as an indica-
tor of partial ossicular discontinuity. Nevertheless, the diagnostic utility 
of high-frequency conductive hearing loss has been limited due to gaps 
in previous research on the subject, and clinicians often assume that an 
audiogram showing high-frequency conductive hearing loss is flawed. 
This study aims to improve the diagnostic utility of high-frequency con-
ductive hearing loss in cases of partial ossicular discontinuity by (1) mak-
ing use of a control population against which to compare the audiometry 
of partial ossicular discontinuity patients and (2) examining the correla-
tion between high-frequency conductive hearing loss and partial ossicular 
discontinuity under controlled experimental conditions on fresh cadaveric 
temporal bones. Furthermore, ear-canal measurements of umbo velocity 
and wideband acoustic immittance measurements were investigated to 
determine the usefulness regarding diagnosis of ossicular discontinuity.
Design: The authors analyzed audiograms from 66 patients with either 
form of surgically confirmed ossicular discontinuity and no confound-
ing pathologies. The authors also analyzed umbo velocity (n = 29) 
and power reflectance (n = 12) measurements from a subset of these 
patients. Finally, the authors performed experiments on six fresh tempo-
ral bone specimens to study the differing mechanical effects of complete 
and partial discontinuity. The mechanical effects of these lesions were 
assessed via laser Doppler measurements of stapes velocity. In a subset 
of the specimen (n = 4), wideband acoustic immittance measurements 
were also collected.
Results: (1) Calculations comparing the air–bone gap (ABG) at high and 
low frequencies show that when high-frequency ABGs are larger than 
low-frequency ABGs, the surgeon usually reported soft-tissue bands at 
the point of discontinuity. However, in cases with larger low-frequency 
ABGs and flat ABGs across frequencies, some partial discontinuities as 
well as complete discontinuities were reported. (2) Analysis of umbo 
velocity and power reflectance (calculated from wideband acoustic 
immittance) in patients reveal no significant difference across frequen-
cies between the two types of ossicular discontinuities. (3) Temporal 
bone experiments reveal that partial discontinuity results in a greater 
loss in stapes velocity at high frequencies when compared with low fre-
quencies, whereas with complete discontinuity, large losses in stapes 
velocity occur at all frequencies.
Conclusion: The clinical and experimental findings suggest that when 
encountering larger ABGs at high frequencies when compared with low 
frequencies, partial ossicular discontinuity should be considered in the 
differential diagnosis.
Key words: Air–bone gap, Audiogram, Laser Doppler vibrometry, 
Ossicular discontinuity, Ossicular disruption, Ossicular interruption, 
Wideband immittance.
(Ear & Hearing 2016;37;206–215)
INTRODUCTION
Ossicular discontinuity (OD) is a separation of the middle 
ear ossicles that can occur at one of the joints or within a bone 
(e.g., fracture). This separation may be complete, with no contact 
between the disconnected ends, or partial, where normal contact 
at an ossicular joint or along a continuous bony segment of an 
ossicle is replaced by softer tissue or simply by contact of oppos-
ing bones. Complete OD typically results in an audiometric pat-
tern of a large, flat conductive hearing loss (CHL); the absence 
of a mechanical connection between the tympanic membrane 
(TM) and stapes footplate prevents the transmission of all sound 
frequencies. In contrast, in cases where otomicroscopy reveals a 
normal external ear canal and TM, high-frequency CHL has been 
proposed as an indicator of partial OD (Anderson & Barr 1971; 
Mustain & Hasseltine 1981; Marshall et al. 1983; Chien et al. 
2008; Merchant & Nadol 2010; Sim et al. 2013). The connective 
tissue in partial OD is believed to transmit low-frequency sounds 
more effectively than high-frequency sounds, resulting in CHL 
primarily at high frequencies (Anderson & Barr 1971; Mustain 
& Hasseltine 1981; Chien et al. 2008; Sim et al. 2013).
OD is generally diagnosed using a combination of audiom-
etry, computed tomography imaging, and patient history (e.g., 
head trauma) and is confirmed during middle ear surgery. How-
ever, it can be difficult to differentiate partial versus complete 
discontinuity even during ear surgery. Depending on the location 
of the discontinuity, the proximity of the disconnected ends and 
soft tissue (if present) that is space filling or overlying a fracture 
line makes it challenging to visually determine whether a connec-
tion is present. Even if it appears that a small amount of tissue is 
connecting the two disconnected ends, the quality and conductiv-
ity of this tissue can be challenging to determine (i.e., substantial 
fibrous tissue may provide a great deal of conduction, whereas 
flimsy mucosal tissue may provide a little to none).
This article studies the hypothesis that high-frequency CHL 
can be the result of partial discontinuity of the ossicles—not the 
The Audiometric and Mechanical Effects of Partial 
Ossicular Discontinuity
Rosemary B. Farahmand,1 Gabrielle R. Merchant,1,2 Sarah A. Lookabaugh,1 Christof Röösli,3 
Cagatay H. Ulku,4 Michael J. McKenna,5,6 Ronald K. de Venecia,5,6 Christopher F. Halpin,5,7  
John J. Rosowski,1,2,5 and Hideko H. Nakajima1,2,5
1Eaton-Peabody Laboratory, Massachusetts Eye and Ear Infirmary, Boston, 
Massachusetts, USA; 2Speech and Hearing Bioscience and Technology, 
Harvard-MIT Division of Health Sciences and Technology, Cambridge, 
Massachusetts, USA; 3Department of Otorhinolaryngology, Head and Neck 
Surgery, University Hospital Zürich, University Zürich, Zürich, Switzerland; 
4Department of Otolaryngology, Necmettin Erbakan University, Meram 
Medical Faculty, Konya, Turkey; 5Department of Otology and Laryngology, 
Harvard Medical School, Boston, Massachusetts, USA; 6Department 
of Otolaryngology, Massachusetts Eye and Ear Infirmary, Boston, 
Massachusetts, USA; and 7Department of Audiology, Massachusetts Eye 
and Ear Infirmary, Massachusetts, USA.
Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
 FARAHMAND ET AL. / EAR & HEARING, VOL. 37, NO. 2, 206–215 207
common assumption that high-frequency CHL is an erroneous 
measurement. For example, ear-canal collapse due to pressure 
of the earphone on the pinna during audiometry can display 
erroneous air–bone gaps (ABGs) at high frequencies (Mahoney 
& Luxon 1996). High-frequency ABGs have also been impli-
cated to be the result of instrument calibration errors (Margolis 
et al. 2013) and technical error of the audiologist.
The present study addresses the gaps in previous research 
correlating partial OD with high-frequency CHL. No identifi-
able studies made use of a control population against which to 
compare the audiometry of partial OD patients. Thus, the diag-
nostic utility of high-frequency CHL has been limited. Further-
more, the correlation between high-frequency CHL and partial 
OD has not been examined previously under controlled experi-
mental conditions on fresh cadaveric temporal bones.
In this article, we compare audiometric data from patients 
with both types of OD to determine the correlation between 
high-frequency CHL and partial OD in the presence of an 
intact TM and an aerated middle ear. We also analyze umbo 
velocity (UV) measured by laser Doppler vibrometry and 
power reflectance (PR) obtained from ear-canal wideband 
acoustic immittance measurements from a subset of OD 
patients to determine the changes in middle ear mechanics 
(measured at the ear canal) caused by complete and partial 
OD. Finally, we measure stapes velocity (SV) (estimate of 
CHL) on controlled fresh temporal bone preparations to fur-
ther study the mechanical and sound transmission effects of 
partial and complete OD.
MATERIALS AND METHODS
This study was approved by the Human Studies Committee of 
the Massachusetts Eye and Ear Infirmary (MEEI). For inclusion in 
the study, patients had to meet all of the following criteria: (1) diag-
nosis of OD confirmed during surgery; (2) absence of confounding 
pathologies, such as cholesteatoma, TM lesions, and retrocochlear 
disease; and (3) audiometry and operative reports on file.
Patient data were obtained by two ways. First, 29 patients 
recruited from the MEEI otology clinic for UV and/or PR mea-
surements who met the above inclusion criteria were included 
in the study. UV data were available for all 29 of these patients; 
PR data were also available for 12 of these patients. Second, 
to increase our sample size of audiometric data, a retrospec-
tive review of 214 patients with OD diagnosis between Janu-
ary 2008 and October 2013 at MEEI revealed an additional 37 
patients meeting the inclusion criteria.
In total, the audiometric data for 66 patients (35 males and 
31 females; 16 to 70 years of age; mean age 42.3 years) were 
analyzed. Sixty patients had discontinuities involving only the 
incus and/or stapes; 3 patients had discontinuities involving the 
malleus alone; and 3 other patients had discontinuities involv-
ing the malleus and the incus and/or stapes. Operating reports 
rarely provided anatomical details regarding discontinuities. 
However, past literature suggests that there is no correlation 
between the specific location of an OD and audiometric pattern 
(Anderson & Barr 1971).
Audiometry
As a standard practice, MEEI uses insert earphones during 
audiometric testing. This reduces the likelihood of erroneous 
high-frequency CHL caused by ear-canal collapse.
Patient Categorization
We ultimately categorized the patients in two different ways, 
first by surgical findings and second by patterns in their ABG 
measurements.
Based on the surgeon’s operative notes and sketches, patients 
were initially separated into one of the two categories: surgical 
partial or surgical complete discontinuity. Patients were catego-
rized as surgical partial discontinuity if their surgical reports 
mentioned soft tissue in the area of the disruption or if their 
surgical reports mentioned only a fracture or partial dislocation 
(i.e., wherein bony ends remain in contact and no erosion is 
present) in the ossicular chain. Patients were categorized as sur-
gical complete discontinuity if their surgical findings included 
a complete separation and/or at least one eroded or missing 
ossicle, with no mention of soft tissue spanning the interrup-
tion. Forty patients were categorized as surgical partial discon-
tinuity and 26 patients were categorized as surgical complete 
discontinuity.
Categorizing discontinuities as partial or complete based 
on retrospective reviews of surgical reports was challenging. 
Although every effort was made to categorize each patient accu-
rately, uncertainty regarding the presence and/or composition 
of soft tissue between disconnected bony ends likely resulted 
in uncontrolled variability. Surgeons vary in their method of 
reporting; some surgeons may report as “complete” although 
there may be connecting tissue, whereas others may report 
details on the existence and type of connecting tissue.
We further analyzed the data using preoperative audiomet-
ric results. Based on ABG trends across frequencies, patients 
were separated into one of the three categories: (1) high-fre-
quency CHL, which we hypothesized represented patients with 
partial OD; (2) large CHL, which we hypothesized represented 
patients with complete OD; and (3) other CHL, which con-
sisted of patients not fitting either category. As summarized 
in Table 1, patients were categorized as follows: (1) high- 
frequency CHL if their mean ABG for 2 to 4 kHz exceeded 
their mean ABG for 0.25 to 0.5 kHz by 10 dB or more and their 
mean ABG for 0.25 to 0.5 kHz was less than or equal to 20 
dB; (2) patients not meeting the condition for high-frequency 
CHL were categorized as large CHL if their mean ABG for 
0.25 to 4 kHz (all frequencies of bone conduction measured) 
was greater than or equal to 40 dB; and (3) finally, patients 
were categorized as other CHL if they did not meet the criteria 
for either high-frequency or large CHL.
Umbo Velocity
Laser Doppler vibrometry (Polytec, Inc.) was used to mea-
sure UV in the manner described in the study by Rosowski et al. 
(2008, 2012). A laser beam was focused on the light reflex near 
the umbo of the TM while a 9-tone stimulus was played into the 
ear canal. Simultaneous measurements of velocity and sound 
pressure near the TM led to normalized calculations of UV, the 
ratio of velocity to sound pressure.
Power Reflectance
Wideband acoustic immittance responses to a chirp stimulus 
from 0.2 to 6.0 kHz were collected using the Mimosa reflec-
tance system with a sound source and microphone coupled to 
the ear canal via a foam tip, similar to the method detailed in 
the study by Rosowski et al. (2012). PR equals the square of the 
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magnitude of pressure reflectance, which is the complex ratio 
between the reflected pressure wave and the forward pressure 
wave. PR has a value between 0 (all power absorbed) and 1 
(all power reflected). For each patient, two measurements were 
taken and averaged.
The UV and PR data were compared against normative data 
obtained in a study of 58 strictly defined normal ears (Rosowski 
et al. 2012).
Temporal Bone Experiment
Six human cadaveric temporal bones were collected from 
donors with no known history of ear disease. The bones were 
fresh without preservative (though some previously frozen). In 
all six specimens, laser Doppler vibrometry was used to measure 
UV and SV as in previous studies (Nakajima et al. 2005). SV 
was measured to determine the effect of experimental manipu-
lations on sound transfer through the middle ear to the inner ear. 
Similar to the setup for measuring UV in patients, a cylindri-
cal sound coupler with an attached probe tube microphone and 
speaker output, as well as a clear coverslip to allow visualiza-
tion of the TM, was coupled to the speculum in the ear canal. 
The laser beam of the vibrometer was focused through the ear-
canal apparatus on reflective beads placed on the umbo. For SV 
measurement, the laser was focused through the opened facial 
recess on reflective beads placed on the posterior crus. Sound 
pressure in the ear canal was then measured (within 2 mm of 
the TM) while single-tone sound stimuli of frequency from 0.2 
to 20 kHz were presented at levels between 70 and 90 dB SPL. 
Normalized umbo and stapes velocities were quantified as the 
ratio of measured velocity to simultaneously measured sound 
pressure in the ear canal at the TM.
In a subset of these specimens (n = 4), PR responses to 
a wideband chirp stimulus were collected using either the 
Mimosa Acoustic HearID system (Champaign, IL; 0.2 to 6 kHz) 
or HARP system (designed by J. H. Siegel at Northwestern 
University utilizing the ER-10B probe tube microphone by Ety-
motic Research, 0.2 to 20 kHz). Detailed methods for PR mea-
surements have been described earlier (Nakajima et al. 2012; 
Rosowski et al. 2012).
Measurements were made on the specimen in the completely 
disarticulated state (in which there was a gap of air between the 
incus and stapes), as well as in a partially disarticulated state (in 
which there was a soft connection at the incudostapedial [IS] 
joint made with dental impression material [Jeltrate]), and in 
an articulated state. For measurements in the articulated state, 
two of the temporal bones had IS joints that were in their nor-
mal natural state. In four of the temporal bones, the IS joint 
was re-established using a small application of dental cement 
to create the articulated state. To ensure the validity of these 
measurements, a bone with a normal, intact ossicular chain was 
subjected to measurements of UV and PR before manipulation 
of the IS joint and again after disarticulating and then re-estab-
lishing the IS joint with dental cement. The measurements in 
the initial state and after rearticulating the IS joint were similar 
(within 2 dB), confirming that re-establishing the IS joint with 
dental cement adequately mimics the mechanics of a normal 
bone.
Statistical Analysis of Audiometric, UV, and PR Results
Statistical significances were assessed using independent 
Student’s t tests. The significance level of each individual t test 
was set to 0.05/n, where n was the sample size of the group.
RESULTS
Clinical Results
Categorization by Surgical Report • Patients were separated 
into one of the two categories, surgical partial or surgical com-
plete discontinuity, based on the surgeon’s operative notes and 
sketches. Surgeons often reported soft tissue (i.e., fibrous adhe-
sions, mucosal bands, mucosal membranes, and scar tissue) 
spanning the point of ossicular disruption. However, operative 
reports rarely provided details on the quality and stiffness of 
this soft tissue. As a result, it was difficult to determine whether 
the reported soft tissue created a mechanical connection that 
allowed for the transmission of sound. To be uniform and 
impartial, we chose to assume any soft tissue at a discontinuity 
could create a mechanical connection. This choice skewed the 
categorization process toward surgical partial discontinuity by 
assuming that any tissue present makes a significant mechanical 
connection; however, those cases categorized as surgical com-
plete discontinuity are more likely truly complete interruptions. 
Some surgeons may not have reported on tissue between the 
ossicles even when present.
Figure 1A shows mean ± 1 SD ABG results for the surgical 
partial and surgical complete discontinuity groups. The mean 
ABG for the surgical complete group ranges between 35 and 50 
dB and as expected is 5 to 20 dB larger than the surgical partial 
group at all frequencies. However, the hypothesis that partial 
discontinuity results in high-frequency CHL is not supported—
the mean ABG for the surgical partial discontinuity group is 
quite flat and hovers near 30 dB across all frequencies.
Figure 1B and C shows mean ± 1 SD UV and PR results, 
respectively, for the surgical partial and surgical complete dis-
continuity groups. The UV data are almost identical for the 
two groups, whereas the PR for the surgical complete group 
appears to have a notch of slightly larger magnitude than that 
of the surgical partial group. That said, there is significant over-
lap in the SDs between the groups around the notch frequency 
range. Based on the t test calculations, differences in mean UV 
and mean PR results are not statistically significant at any fre-
quency, suggesting that the two groups exhibit similar middle 
ear mechanics at the level of the ear canal.
Categorization by Audiometry • Individual Results: Given 
the difficulty in categorizing patients by surgical report with 
reasonable certainty, we introduced an alternate categoriza-
tion based on audiometrically defined CHL pattern, as detailed 
under Materials and Methods. Figure 2 shows individual ABG 
(top first row), UV (middle second row), and PR (bottom third 
Table 1. Patient categorizations based on CHl trends
Category Criteria No. Patients
High-frequency 
CHL
Mean ABG for 2–4 kHz ≥ mean ABG 
for 0.25–0.5 kHz + 10 dB; Mean 
ABG for 0.25–0.5 kHz ≤ 20 dB
8
Large CHL Mean ABG for 0.25–4 kHz ≥ 40 dB 25
Other CHL Does not meet criteria for either of 
the above categories
33
ABG, air–bone gap; CHL, conductive hearing loss.
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row) results for patient groups with high-frequency CHL (left 
column, A1–A3), large CHL (middle column, B1–B3), and 
other CHL (right column, C1–C3). Dashed lines represent 
patients previously categorized as surgical partial discontinuity; 
solid lines represent patients previously categorized as surgical 
complete discontinuity.
The first row of Figure 2 plots ABGs. Eight patients were 
categorized as high-frequency CHL (generally down-sloping 
curves, A1), seven of these (87.5%) were also designated as 
surgical partial discontinuity and one (12.5%) as surgical com-
plete discontinuity based on operative reports. In contrast, of 
the 25 patients categorized as large CHL, 16 (64.0%) were des-
ignated as surgical complete discontinuity, with the majority of 
these patients exhibiting greater ABGs in the lower frequencies 
(mostly up-sloping curves, B1). Of the 33 patients who did not 
fit the criteria for either high-frequency CHL or large CHL, 
categorized as other CHL (mostly flat curves, C1), 24 (72.7%) 
were designated as surgical partial and 9 (27.3%) as surgical 
complete patients.
The second row of Figure 2 shows individual UV data for 
patients with (A2) high-frequency, (B2) large, and (C2) other 
CHL, respectively. Similar to previous results (Rosowski et al. 
2008), 21 of the 29 patients showed an increase in UV magni-
tude of more than 1 SD from the normal mean at frequencies 
below 1 kHz, including 4 of 5 high-frequency CHL cases, 11 of 
13 large CHL cases, and 6 of 11 other CHL cases.
The third row of Figure 2 shows individual PR data for 
patients with (A3) high-frequency, (B3) large, and (C3) other 
CHL. All high-frequency (two ears) and large (four ears) CHL 
patients exhibit a well-defined notch in PR between 500 and 
800 Hz. However, four of the six in the other CHL group do not 
exhibit a notch between 500 and 800 Hz, and the remaining two 
other CHL patients exhibit only a poorly defined notch. In total, 
8 of the 12 patients (75%) exhibit a notch in the 500 to 800 Hz 
range. This notch is consistent with previous results and is likely 
indicative of OD (Feeney et al. 2003; Nakajima et al. 2012).
Mean Results: Figure 3 shows the means of the individual data 
shown previously in Figure 2. Figure 3A shows mean ABG 
results ± 1 SD for each CHL group. The mean ABG trends for 
each group are a direct result of the criteria defining each group, 
with the high-frequency CHL group showing a down-sloping 
loss, the large CHL group showing a 40 to 60 dB up-sloping 
loss, and the other CHL group, in between, with a flat loss. Fig-
ure 3B plots the mean mechanical measurement, UV, ± 1 SD 
for each group. The mean UV of the large CHL group exceeds 
the mean UV of the high-frequency CHL group at all frequen-
cies below 1 kHz; however, there is no statistically significant 
difference between the two means at any frequency based on t 
test calculations. Figure 3C plots the mean PR results. Although 
the interpretative utility of t test calculations is limited due to 
the small number of patients with PR measurements, there is no 
statistically significant difference in PR results at any frequency 
between the high-frequency and large CHL groups, and both 
groups exhibit similarly shaped notches. The mean PR of the 
other CHL group falls within normal range and does not exhibit 
a notch, despite the fact that ABGs for this group fall between 
those of the high-frequency and large CHL groups.
Experimental Results
Stapes Velocity • Figure 4 shows SV results for six cadaveric 
temporal bone preparations with the ossicular chain in articu-
lated, partially disarticulated, and completely disarticulated 
states. Grm038 and hhn166 additionally show SV with the 
ossicular chain in different degrees of partial disarticulation. 
This almost articulated state was achieved by adding additional 
Jeltrate to the partially disarticulated state to create a stronger 
connection providing a higher degree of sound transmission. 
In the partially disarticulated state, all six specimens exhibit 
a drop in SV from the articulated state at frequencies above 
some cutoff (800 Hz to 2 kHz, varying across ears), whereas 
in a completely disarticulated state, the specimens exhibit 
decreases in SV that are larger in magnitude and more consis-
tent across frequencies. The decreases in SV due to complete 
A
B
C
Complete (n=26)
Partial (n=40)
Complete (n=16)
Partial (n=13)
Complete (n=6)
Partial (n=6)
Fig. 1. Mean values for (A) air–bone gap (ABG), (B) umbo velocity, and (C) 
power reflectance for the surgical partial discontinuity (dashed lines) and 
surgical complete discontinuity (solid lines) patient groups. Bars represent 
±1 SD around the mean. The gray shaded region represents normative data 
±1 SD around the normal mean.
Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
210  FARAHMAND ET AL. / EAR & HEARING, VOL. 37, NO. 2, 206–215
disarticulation may be larger than measured, particularly at the 
lower frequencies, because we are limited by the noise of the 
laser measurement device. Grm038 and hhn166, which include 
SV measurements in different degrees of partial disarticulation, 
indicate that the degree of disarticulation correlates to a graded 
response in SV, with looser connections resulting in more loss 
that affects not only the highest frequencies but also the wider 
frequencies toward the lower frequencies.
Umbo Velocity • Laser vibrometry to measure UV was per-
formed on one temporal bone (grm010), as shown in Figure 5. 
UV in the completely disarticulated and partially disarticulated 
states exceeds the normative data at all frequencies, consis-
tent with more compliant systems. Moreover, the completely 
disarticulated state (most compliant) exhibits the highest UV 
at frequencies below 700 Hz, though this difference between 
complete and partial is small and likely not clinically signifi-
cant. The great similarity of UV in the partial and completely 
disarticulated states is in contrast with the differences observed 
in SV under those conditions. Clearly, the change in UV is not 
proportional to the change in SV.
Power Reflectance • As shown in Figure 6, PR was performed 
on four of the six temporal bones (grm038, grm010, grm036, and 
grm018) for each preparation in a partially disarticulated, com-
pletely disarticulated, and articulated state. Grm038 addition-
ally includes results for the ossicular chain in different degrees 
of partial disarticulation, as described above. Regardless of the 
degree of disarticulation, all PR results exhibit deep notches 
between 500 and 800 Hz. There do not appear to be substantial 
differences or trends between the almost articulated, partially 
disarticulated, and completely disarticulated states. The relative 
insensitivity of PR to the degree of interruption is similar to UV, 
and it indicates that the effect of interruption is fundamentally 
different at the TM (where we measure UV and PR) and the 
stapes. In grm018, a notch at 700 Hz exists in the articulated 
state, and disarticulation results in a slight frequency shift of 
the notch to 600 Hz.
DISCUSSION
This study explores the effects of partial and complete dis-
continuity on audiometric and mechanical measurements in 
both patients and temporal bone preparations. The hypothesis 
that partial OD (where soft tissue connects separated ossicles) 
can transmit low- but not high-frequency sound is tested.
When patients were categorized as surgical partial or surgical 
complete based on retrospective review of operative reports, the 
hypothesized relation between high-frequency CHL and partial 
OD did not materialize—the averaged ABG for the surgical par-
tial discontinuity group was flat and hovered near 30 dB across 
frequencies. This is likely a result of criteria we used to define 
surgical partial. It is probable that the soft tissue mentioned in 
the surgical reports of many of the discontinuities consequently 
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Fig. 2. A–C, Columns show air–bone gap, umbo velocity, and power reflectance (PR) results for individual patients grouped by conductive hearing loss (CHL) 
patterns. In these columns, dashed lines represent patients categorized as surgical partial discontinuity per the criteria detailed under “Materials and Methods”; 
solid lines represent patients categorized as surgical complete discontinuity. The gray shaded areas on the umbo velocity and PR graphs represent normative 
data ±1 SD around the normal mean.
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categorized as partial did not actually create a mechanical con-
nection for the transmission of sound; therefore, these discon-
tinuities were mechanically complete. For example, a thin, long 
mucosal fold may not transmit sound as well as a thick, short 
fibrous band. Experimental SV measured on temporal bones sup-
port this theory. Furthermore, determining whether a disarticula-
tion is complete or partial can be challenging even under direct 
visualization during surgery and not all surgeons report details 
regarding the presence of tissue between bony discontinuities. 
From a surgeon’s stand point, sometimes there may be a thin 
mucosal connection between ossicles (partial OD), but the sur-
geon may report as complete, ignoring the possible transmission 
through the mucosa.
By separating patients based on ABG patterns, however, we 
do find support for the hypothesized correlation between high-
frequency loss and partial OD. Even with our surgical criteria 
as it was and inconsistency among surgeons on their report-
ing, seven of eight (87.5%) patients in the high-frequency CHL 
group were also categorized as surgical partial discontinuity. 
Whereas only 9 of 25 (36%) patients in the large CHL group 
were categorized as surgical partial discontinuity, and these may 
have had very compliant tissue, such as thin mucosal folds, that 
did not allow for low-frequency sound transmission when com-
pared with stiffer tissue between disconnected ossicles.
Our controlled temporal bone experiments provide the stron-
gest evidence to support the hypothesis; the experiments consis-
tently show well-defined high-frequency losses resulting from 
the partially disarticulated state, different from the large losses 
across frequencies resulting from the completely disarticulated 
state. Varying degrees of partial discontinuity showed that the 
stiffer connection between the ossicles resulted in only the high-
est frequency losses, whereas the softer connection resulted in 
wider frequency loss from high frequencies encroaching toward 
the mid frequencies.
Partial and complete discontinuity types do not appear to 
have significantly differing effects on the noninvasive mechan-
ical measurements explored in this work. Of the 29 patients 
with UV data, 21 exhibited larger than normal UV at fre-
quencies below 1 kHz, with no statistically significant differ-
ence between the means of the surgical complete and partial 
discontinuity groups or the means of the high-frequency and 
large CHL groups. In addition, 8 of the 12 patients with PR 
data exhibited a distinctive notch in the 500 to 800 Hz range, 
regardless of the level of discontinuity. The patients without a 
notch all fell into the other CHL group. Why these PR mea-
surements appear more normal than the others is unclear and 
could be the result of more complicated pathology or unknown 
variables confounding the measurement (such as stiffer than 
normal TMs or the existence of static pressure in the middle ear 
cavity at the time of measurement), despite attempts to control 
for such variables. We do not see any of these “non-notchy” 
patterns in our well-controlled temporal bone preparations. 
Because a large proportion of ears in the other CHL group did 
not have a distinct PR notch or an increase in UV, it appears 
that these measurements are limited in their ability to rule out 
the diagnosis of OD. Though small in sample size, the UV usu-
ally showed an increase in velocity and PR showed notches in 
the high-frequency CHL and large CHL groups.
TMs with hypermobility and tympanosclerosis can also 
exhibit a notch in PR. Two examples of PR from hypermo-
bile TMs were shown in the study by Rosowski et al. (2012) 
exhibiting narrow-band notches at 400 to 500 Hz, similar to the 
notches in OD. Feeney et al. (2003) also showed two examples 
of hypermobile TMs exhibiting notches at 0.8 to 1 kHz, which 
is higher in frequency and wider in shape than typical notches 
we measured in OD. The discrepancy between the studies by 
Rosowski et al. (2013) and Feeney et al. (2003) might be due to 
the differences in the devices used to measure wideband immit-
tance. Similarly, tympanosclerosis can result in notches, but the 
three examples shown in the study by Rosowski et al. (2013) 
included one without a significant notch, one with a shallow 
notch at 1 kHz, and another with a wide notch around 2 kHz. 
From the limited PR data on adult ears with hypermobility and 
tympanosclerosis, it appears that hypermobility can exhibit 
similar PR notches to OD, but the notches due to tympanoscle-
rosis are different in shape and frequency. It appears that diag-
nosing OD with PR can be complicated by lesions at the TM.
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Fig. 3. Mean air–bone gap, umbo velocity, and power reflectance results by 
group based on conductive hearing loss patterns. The bars on (A) and (B) 
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(B) and power reflectance (C) graphs represent normative data ±1 SD around 
the normal mean. In (C), SDs are not plotted for power reflectance because 
the sample sizes are small (the individual curves are shown in Fig. 5).
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Comparison of Temporal Bone Results and Clinical 
Results
Figure 7A shows the mean change in the experimental SV 
due to disarticulation with respect to the articulated ossicular 
chain, the magnitude of which is comparable to the clinical 
ABG of Figure 7B. The trend in mean SV change due to partial 
discontinuity is strikingly similar to the trend in mean ABG for 
the high-frequency CHL group; both showing high-frequency 
loss. However, the ABG at mid-to-high frequencies is slightly 
larger than the decrease in SV, possibly because the connections 
between the ossicles in the experiments were generally not as 
compliant as in the patients. Likewise, the mean SV change due 
to complete discontinuity is similar to the mean ABG for the 
large CHL group across frequencies, with larger losses across 
frequencies. SV change due to complete disarticulation may 
be larger than measured, particularly at the lower frequencies, 
because we are limited by the noise of the laser measurement 
device. In both experimental and clinical data, there is more 
separation between the groups representing partial and com-
plete OD at the low frequencies and the mean trend toward each 
other as frequency increases. This further supports the hypoth-
esis that partial OD can result in high-frequency CHL.
The frequency-dependent changes in ossicular mechani-
cal motion observed are due to the effect of stiffness between 
the ossicles. With complete disarticulation, all frequencies are 
affected as motion from the malleus are no longer transmitted 
to the stapes. However, with partial discontinuity, there is a 
frequency-dependent effect that depends on the stiffness of the 
ossicular chain. With stiff tissue connecting the ossicles (e.g., 
thick short fibrous tissue), sound pressure is transmitted via the 
connecting tissue with motion of the first ossicle coupled to the 
next at low frequencies. But at high frequencies, the connect-
ing tissue cannot couple ossicular motion: the second ossicle 
moves less than the first (as the connecting tissue does not allow 
adequate force to be transmitted to the second ossicle to accel-
erate its mass), and decreased sound transmission occurs. With 
compliant tissue connecting ossicles (e.g., thin long fibrous tis-
sue or mucosal folds), reduction in motion of the second ossi-
cle occurs at lower frequencies. This is consistent with the SV 
experimental data with different states of partial discontinuity. 
These mechanical mechanisms are consistent with clinical and 
experimental results, allowing for better diagnosis by consider-
ing frequency-dependent CHL.
CONCLUSIONS
In the presence of an intact TM and aerated middle ear, 
high-frequency CHL appears to indicate partial OD rather 
than complete. Seven of the eight patients with high-fre-
quency CHL were categorized as surgical partial discon-
tinuity. However, high-frequency CHL captured 1 surgical 
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complete patient and failed to capture 33 surgical partial 
patients. Based on these results, high-frequency CHL as an 
indicator of surgical partial discontinuity (rather than com-
plete) has a high specificity (96%) but low sensitivity (18%). 
These calculations are likely influenced by the criteria used 
to categorize patients based on operative notes. Nevertheless, 
the high specificity provides confidence that when a patient 
has a high-frequency CHL, partial discontinuity is very likely. 
As can be seen in Figure 7, experimental simulations of par-
tial and complete discontinuities result in SV that strongly 
corroborate this conclusion.
Although partial and complete OD exhibit different trends 
in ABGs, we were unable to identify statistically significant 
differences in mechanical measurements made in the ear 
canal, such as UV and PR. Likewise, minor mechanical differ-
ences in UV and PR displayed at the ear canal by the temporal 
bone preparations in the partially and completely disarticu-
lated states were quite small and thus clinically insignificant. 
Experimental SV measurements, however, did show differ-
ences between partial and complete, similar to the clinical 
ABG. Still, combining audiometric information with PR and/
or UV measurements, which are sensitive to discontinuity 
irrespective of the level of disarticulation, may provide con-
firmation of a suspected partial OD in a patient with high-
frequency CHL. Indeed, Figure 8 shows ABG (Fig. 8A), UV 
(Fig. 8B), and PR (Fig. 8C) data for an individual patient who 
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was accurately diagnosed with partial OD before middle ear 
surgery. His otologist (a physician involved in a MEEI study 
assessing the diagnostic utility of UV and PR measurements) 
made this diagnosis based on the patient’s (1) high-frequency 
CHL, (2) UV in excess of 1 SD of the normal mean at frequen-
cies below 1 kHz, and (3) notch in PR around 700 Hz. As was 
demonstrated in the studies by Nakajima et al. (2012, 2013), 
UV and PR can diagnose OD by differentiating from other eti-
ologies that can result in CHL. The level of discontinuity can 
be differentiated by the audiogram because a high-frequency 
ABG would likely be due to a partial discontinuity.
When UV and PR data are unavailable, the presence of 
high-frequency CHL alone may differentiate partial OD from 
ear diseases with similar symptoms. Figure 9 shows ABG data 
for 14 ears with stapes fixation and 11 ears with superior canal 
dehiscence used in the study by Nakajima et al. 2012. None 
of these ears exhibit high-frequency CHL (more ABG at high 
than low frequencies). Based on these data and our criteria for 
surgical partial and complete OD, high-frequency CHL as an 
indicator of partial OD (rather than complete OD, stapes fixa-
tion, and superior canal dehiscence) is highly specific (98%).
This study demonstrates the following when a patient exhib-
its high-frequency CHL: (1) it is important not to assume that 
the measurement is flawed, (2) it may be used to differentiate 
partial OD from complete OD with strong certainty in the set-
ting of an intact TM and an aerated middle ear, and (3) it may 
also be used to help differentiate partial OD from other ear con-
ditions causing CHL.
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